Objective. Little is known about the interaction of gliadin with intestinal epithelial cells and the mechanism(s) through which gliadin crosses the intestinal epithelial barrier. We investigated whether gliadin has any immediate effect on zonulin release and signaling. Material and methods. Both ex vivo human small intestines and intestinal cell monolayers were exposed to gliadin, and zonulin release and changes in paracellular permeability were monitored in the presence and absence of zonulin antagonism. Zonulin binding, cytoskeletal rearrangement, and zonula occludens-1 (ZO-1) redistribution were evaluated by immunofluorescence microscopy. Tight junction occludin and ZO-1 gene expression was evaluated by realtime polymerase chain reaction (PCR). Results. When exposed to gliadin, zonulin receptor-positive IEC6 and Caco2 cells released zonulin in the cell medium with subsequent zonulin binding to the cell surface, rearrangement of the cell cytoskeleton, loss of occludin-ZO1 protein Á/protein interaction, and increased monolayer permeability. Pretreatment with the zonulin antagonist FZI/0 blocked these changes without affecting zonulin release. When exposed to luminal gliadin, intestinal biopsies from celiac patients in remission expressed a sustained luminal zonulin release and increase in intestinal permeability that was blocked by FZI/0 pretreatment. Conversely, biopsies from non-celiac patients demonstrated a limited, transient zonulin release which was paralleled by an increase in intestinal permeability that never reached the level of permeability seen in celiac disease (CD) tissues. Chronic gliadin exposure caused down-regulation of both ZO-1 and occludin gene expression. Conclusions. Based on our results, we concluded that gliadin activates zonulin signaling irrespective of the genetic expression of autoimmunity, leading to increased intestinal permeability to macromolecules.
Introduction up-regulated and the intestinal mucosa is destroyed [6, 7] . CD is currently regarded as a paradigm of autoimmune disease for which the main genetic predisposition (HLA-DQ2/DQ8), the exogenous trigger (gluten), and one of the autoantigens (TTG) are known. In recent years much has been discovered about the genetic and immunologic aspects of CD [2] . However, little is known about the possible interactions of gliadin (and/or its peptide derivatives) with intestinal epithelia and the mechanism(s) through which it crosses the epithelial barrier to reach the submucosa. Under physiological circumstances, intestinal epithelia are almost impermeable to macromolecules such as gliadin [8] . Several studies reported that CD is a condition in which paracellular permeability is enhanced and the integrity of the tight junction (tj) system is compromised [9, 10] . The up-regulation of zonulin, a recently described intestinal peptide involved in tj regulation [11] , seems to be responsible, at least in part, for the increased gut permeability characteristic of CD [12] . Following stimulation of normal rat intestinal cells (IEC6) with gliadin, zonulin is released and induces a protein kinase C-mediated polymerization of intracellular actin filaments, which are directly connected to tj complex proteins, thereby regulating epithelial permeability [13] . Furthermore, the persistent presence of inflammatory mediators such as tumor necrosis factor-a (TNF-a) and interferon-g (INF-g) have been shown to increase the permeability across the endothelial and epithelial layers [14, 15] .
The aim of this study was to investigate the early effects of gliadin on intestinal epithelial mucosa and the structures that dictate mucosal tj competency. Human intestinal specimens obtained from either treated CD or non-CD subjects and intestinal epithelial cell lines were used. Our results provide evidence that gliadin activates the zonulin signaling, resulting in immediate reduction of intestinal barrier function and passage of gliadin into the subepithelial compartment. This process is dependent on the presence of the zonulin receptor but independent of individual genetic predisposition, suggesting that gliadin-induced, zonulin-mediated paracellular permeability could be required but is not sufficient to develop the autoimmune process typical of CD.
Material and methods

Intestinal cell cultures
Both human (Caco2 and T84) and rat-derived (IEC6) intestinal cells (passages 25 Á/40) were cultured from frozen stocks. Dulbecco's Modified Eagle Medium (D-MEM; Gibco, Grand Island, NY, USA) containing 4500 mg/l D-glucose and pyridoxine hydrochloride was supplemented with 5% heat inactivated (568C, 30 min) fetal bovine serum (FBS), 0.1 U/ml bovine insulin, 4 mM L-glutamine, 100 U/ml penicillin and 100 mg/ml streptomycin for IEC-6-cell propagation, or supplemented with 10% heat inactivated FBS, 0.1 mM non-essential amino acids, 1.0 mM sodium pyruvate, 2 mM L-glutamine, 2.5 mg/ml amphotericin B, 50 U/ml penicillin and 50 mg/ml streptomycin for Caco2 cell propagation. A 1:1 mixture of DMEM and Ham's F12 medium (D-MEM/F-12; Life Technologies) containing 15 mM HEPES, 2.5 mM L-glutamine and 0.5 mM sodium pyruvate was supplemented with 10% heat inactivated FBS, 100 U/ml penicillin and 100 mg/ml streptomycin for T84-cell propagation. Cells were cultured in a 5% CO 2 atmosphere at 378C into 6-well tissue culture plates. For the immunofluorescence experiments, cells were grown to sub-confluence (non-polarized), while for the Caco2 monolayer, experimental cells were grown to confluence, followed by additional 10 days of growth to allow cell differentiation.
Subcellular fractionation
Cells were grown in 175 cm 3 culture flasks until /90% confluence was reached. An enzymefree solution (Gibco, Grand Island, NY, USA) was used to detach the cells. After centrifugation for 5 min at 1000 rpm '/48C, the medium was discharged, cells were resuspended in 0.25 M sucrose-20 mM Tris-Cl solution and homogenized by passing 15 times through a G-25 needle. The homogenate was first centrifuged for 15 min at 1000g to separate nuclei, plasma membrane sheets, and cell debris (pellet); the supernatant obtained was then centrifuged for 15 min at 10,000g to separate mitochondria, lysosomes, peroxisomes (pellet); the remaining supernatant was finally ultracentrifuged for 1 h at 100,000g to separate all vesicles from endoplasmic reticulum and Golgi (pellet) from the soluble cytosolic protein fraction (supernatant).
Gliadin and casein digests
Gliadin was digested as previously described [16, 17] with minor modifications. Briefly, 50 g gliadin (crude-wheat-Sigma, St. Louis, Mo., USA) was dissolved in 500 ml 0.2 N HCl for 2 h at 378C with 1 g pepsin (Sigma). The resultant peptic digest was further digested by addition of 1 g trypsin (Sigma) after pH adjusted to 7.4 using NaOH 2M. The solution was stirred vigorously at 378C for 4 h, and then boiled (1008C) for 30 min, freeze-dried, lyophilized in 10 mg batches, and stored at (/208C until used. Pepsin-trypsin digested gliadin (PTgliadin) was freshly prepared by suspending it in PBS to a final concentration of 1 mg/ml. Pancreatic digested (PD)-casein (BactoTryptone, Becton Dickenson, Sparks, Md., USA) was used as a negative control in all the experiments performed.
Synthesis of the zonulin peptide inhibitor FZI/0
The zonulin synthetic peptide inhibitor FZI/0, which is capable of competitively blocking the zonulin receptor and the consequent zonulin-dependent opening of the tj, was identified and prepared as previously described in structure-function analysis studies of the Zot/zonulin receptor binding motif [18] and was obtained from the Biopolymer Laboratories, University of Maryland, Baltimore, USA.
Immunofluorescence microscopy on intestinal cell lines
Cells were washed in phosphate buffered saline (PBS) and gently detached by exposure to 0.25% trypsin, 1 mM EDTA solution (Gibco brl) for 2Á/ 3 min. The cells (2 )/10 4 cells/ml) were suspended in medium and seeded onto 8 chamber slides (Nalge Nunc International, Naperville, IL, USA). At a cell confluence of 60 Á/70% PT-gliadin (1 mg/ml) was added for 30 min of incubation at 378C in 5% CO 2 atmosphere. Cells were then washed twice in PBS, fixed in 3.7% paraformaldeyde in PBS (pH 7.4) for 15 min at room temperature. To analyze intracellular F-actin, cells were permeabilized with 0.5% TritonX-100 in PBS (Sigma) for 10 min at room temperature and incubated for 30 min with 0.3 mM solution of FITC-phalloidin (SIGMA). To study zonulin surface binding, cells were incubated with zonulin-specific anti-Zonula occludens toxin (Zot) G antibodies (10 mg/ml) [18] for 1 h at room temperature without permeabilization, washed 3 times in PBS and than incubated for 30 min at room temperature with the anti-rabbit FITC-conjugated antiserum (SIGMA). After 3 additional washes, the cover slips were mounted with glycerol-PBS (1:1) at pH 8.0. The results were blindly analyzed by two independent observers using a fluorescence microscope (Zeiss) and images taken with a digital camera (Nikon).
Immunofluorescence microscopy on intestinal tissues
These experiments were performed as previously described [19] . Briefly, small-bowel biopsies obtained by endoscopy were freshly embedded in OCT compound and stored at (/808C. Cryosections of 5Á/7 mm were incubated with zonulin-specific, polyclonal anti-Zot antibodies, extensively washed, and incubated with fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit antibody (Sigma) in the dark. After repeated washing, the tissue sections were mounted on slides with mounting medium and blindly examined under fluorescence microscopy.
Direct immunofluorescence and ZO1 localization migration in intestinal cell monolayers
Intestinal cells were grown on 8-chamber slides using the growth conditions outlined above and incubated with either PT-gliadin or the negative control PT-casein (final concentration 1 mg/ml) at increasing time intervals. PBS-exposed monolayers were used as additional controls. Cells were then washed gently with PBS and permeated with methanol at (/208C for 2 min. The monolayers were then washed three times with PBS, and incubated with primary antibodies (FITC-conjugated anti-ZO1 monoclonal antibody; Zymed Laboratories Inc., San Francisco, Calif., USA). After 60 min of incubation, the slides were washed twice with PBS, air-dried, and blindly analyzed by fluorescence microscopy.
Caco2 monolayers experiments
Culture conditions. Caco2 cells (passage 25 Á/40) were grown on filter clusters until confluence (average 10Á/15 days post-seeding); 200 ml DMEM was added to the mucosal (apical) side and 3 ml of the same medium was added to the serosal (basolateral) side. The system was incubated at 378C in an atmosphere of 95% air and 5% CO 2 . The culture medium was changed every third day. The monolayer was washed with PBS twice and incubated with DMEM supplemented as above but without antibiotics. Replicates of Caco2 monolayers were incubated at increasing time intervals with either 1 mg/ml PT-gliadin or 1 mg/ml PD-casein, used as control. Both preparations were added to the mucosal (apical) side of the Caco2 monolayers. Medium samples for each compartment were obtained to test for zonulin release and passage of lactulose.
Transepithelial electrical resistance (TEER) measurements. The baseline TEER of Caco2 monolayers grown on filter clusters was measured using a dual planar electrode (Endhom SNAP Evom G WPI analyzer; World Precision Instruments) and expressed in V.cm 2 . TEER values were measured for each incubation time after the addition of PT-gliadin and PD-casein and corrected for the baseline resistance values.
Measurement of lactulose flux from the apical to basolateral side of Caco2 monolayers. Lactulose, a probe used to check paracellular permeability, was added at 40 mM/ml final concentration to the apical side of all monolayers at time 0. Samples were collected from the basolateral side at increasing time intervals and lactulose concentration measured by high performance anion exchange chromatography (HPAEC). After deproteination with acetonitrile 1:1 v/v, samples were centrifuged at 4000 rpm for 10 min, the supernatant collected, filtered through a 0.22 mm membrane (Millipore, Bedford, Mass., USA), and diluted with water 1 to 10 (basolateral samples) or 1 to 100 (apical samples). For HPAEC analysis we used an HPAEC-PAD system (Pulsed Amperometric Detector) 4500 Dionex, comprising a CarboPac PA-1 column (4 )/ 250 mm) (Dionex), in serial with a precolumn CarboPac PA-1 Guard (3 )/25 mm) (Dionex); a pulsed amperometric detector (PAD II) connected by a gold electrode.
Intestinal tissue from CD and non-CD patients
Samples of small-intestine mucosa were taken from the second/third portion of the duodenum from subjects undergoing upper gastrointestinal (GI) endoscopy. Patients included: 1) subjects with active CD at diagnosis; 2) subjects with CD on treatment with a gluten-free diet for at least 2 years, and 3) non-CD GI controls with persistent dyspeptic complaints. All patients had clinical indications for the procedure and gave their informed consent to undergo an additional biopsy for the purpose of this study. The study protocol was approved by the Ethics Committee of the University of Ancona. The small-intestine biopsies were oriented under a dissecting microscope (16 )/) with the villi facing upward and mounted onto the modified microsnapwell system [20] . The study was then conducted as described above for the Caco2 monolayers experiments.
Zonulin determination by sandwich enzyme-linked immunosorbent assay (ELISA)
Zonulin content from either cell cultures (both cell culture media and subcellular protein fractions) or intestinal segments mounted in the microsnapwell system was quantified using a sandwich ELISA as previously described [20] .
Quantitative polymerase chain reaction with the TaqMan procedure
To analyze the effect of both acute and prolonged intestinal exposure to gliadin on tj structural elements, occludin and ZO-1 genes expression was analyzed by real-time PCR [21] . Cytokine TNF-a gene expression was also determined using the same technology. Total tissue RNA was extracted (QiAamp RNA Blood Mini Kit; QIAGEN Inc., Valencia, Calif., USA) from each intestinal fragment (from both CD and non-CD subjects) mounted in the microsnapwell system. In order to eliminate any DNA traces, the RNA obtained was treated with deoxyribonuclease I, amplication grade, according to the manufacturer's instructions (Invitrogen Carlsbad, Calif., USA) and the reverse transcription of RNA to cDNA was performed using GeneAmp RNA PCR kit components (Perkin Elmer Applied Biosystems, Forster City, Calif., USA). PCR reagents consisted of TaqMan Universal PCR Master Mix (50 mM KCl, 10 mM Tris-HCl, 0.01 M EDTA, 60 nM Passive Reference, pH 8.3 at room temperature, 3.5 mM MgCl2, 200 mM dATP, 200 mM dCTP, 200 mM dGTP, 400 mM dUTP, 0025 U/mL AmpliTaq Gold, 0.01 U/ml AmperaseUNG), forward primers 0.6 mM, reverse primers 0.6 mM TaqMan probes 0.2 mM, 5 ml of target cDNA and DEPC water up to 50 ml final volume. Cycle parameters were 508C for 10 min (1 cycle), 958C for 10 min (1 cycle), 958C for 30 s Á/608C for 1 min (40 cycles). (ABI Prism 7700 Sequence Detection System; Perkin Elmer Applied BioSystems). The target cDNA in duplicate and plasmid DNA (prRNA18S) as standard DNA were included in a single 96-well plate.
Construction of standard plasmid DNA
In order to quantify occludin, ZO-1 and TNFa mRNA levels we constructed a recombinant plasmid to produce a standard DNA molecule (prGAPDH). Briefly, the cDNA encoding human GAPDH gene was amplified by PCR from a cDNA template derived from human intestine; the amplicon obtained was analyzed using agarose gel electrophoresis (2%). Finally, the PCR product was cloned into the PCR † 2.1-TOPO † vector, as recommended by the manufacturer (TOPO TA Cloning Kit; Invitrogen). Ten-fold dilutions from 10 ng/reaction to 1 fg/ reaction were used in TaqMan procedures as standard DNA.
Statistical analysis
All values are expressed as means9/SE (standard error). The analysis of differences was performed by t -test for either paired or unpaired varieties. A pvalue B/0.05 was considered statistically significant.
Results
Experiments on intestinal cell lines
Effect of PT-gliadin on zonulin release, actin cytoskeleton, and surface binding in intestinal epithelial cells. Human intestinal epithelial cells Caco2 and T84 as well as rat small-intestine IEC6 cells exposed to PT-gliadin showed zonulin release in the culture medium, irrespective of the cell line challenged ( Figure 1A) . Conversely, only zonulin receptor-positive IEC6 and Caco2 cells [22] showed zonulin surface immunostaining, while no signal was detectable in zonulin receptor-negative T84 cells ( Figure 1B ). Caco2 cell subfractionation revealed that the endoplasmic reticulum/Golgi fraction was the most enriched in zonulin content (1.149/0.03 ng/mg protein) as compared with the plasma membrane (0.059/0.07 ng/mg protein), cytoplasm (0.289/0.08 ng/mg protein), and mitochondria (0.169/0.14 ng/mg protein) fractions. We have already reported that zonulin binding in IEC6 cells was associated with an early reorganization of intracellular actin filaments characterized by a redistribution of F-actin to the cell subcortical compartment [13] . Here, we report similar results obtained in Caco2 cells (Figure 2 ), whereas no significant changes were observed in T84 cells (Figure 2 ) in which the zonulin release ( Figure 1A) was not followed by its binding to the cell surface ( Figure  1B) . Two hours after gliadin withdrawal, the reorganization of the actin cytoskeleton recovered, and the cytoskeleton had returned to its basal state (data not shown).
Direct immunofluorescence microscopy of ZO-1 localization on intestinal cell monolayers exposed to PTgliadin. ZO-1 is one of the best-characterized components of the junctional complex and it localizes in the cytoplasmic submembranous plaque underlying intercellular tj. Its presence at the cell boundary is considered a sign of tj competency [23] . Immunofluorescence analysis of both Caco2 and IEC6 cells was used to establish whether the zonulin release and actin rearrangement following PT-gliadin exposure could affect the distribution of ZO-1. Casein was used as a food-derived protein negative control. Both untreated Caco2 monolayers and PD-caseinexposed Caco2 monolayers showed the typical ZO1 localization at the cell periphery 90 min postincubation ( Figure 3) . Conversely, PT-gliadinexposed cells showed a fluorescent irregular pattern at the edge of the cells due to a redistribution of the ZO1 protein, (Figure 3 ). Reciprocal co-immunoprecipitation experiments showed a time-dependent disassociation between ZO-1 and occludin (data not shown) that, combined with the immunofluorescence results, is suggestive of tj disassembly [24] .
Effect of PT-gliadin on Caco2 monolayers barrier function. The addition of PT-gliadin to the mucosal aspect of Caco2 monolayers induced a significant decrease in TEER, while no changes were detected in monolayers challenged with PD-casein ( Figure 4A ). The loss of barrier function was preceded by a significant luminal (but not basolateral) secretion of zonulin from cells incubated with PT-gliadin ( Figure 4B ). No detectable zonulin was found in monolayers exposed to PD-casein ( Figure  4B ). To confirm that the zonulin-mediated TEER decrease involved the opening of intercellular tj, the mucosal-to-serosal transport of the paracellular marker lactulose was also monitored. In monolayers challenged with PT-gliadin, an increase in serosal lactulose (0.0809/0.03 mg/ml) was observed 90 min after PT-gliadin exposure compared to untreated monolayers (0.0259/0.005, N 0/7, p B/0.01 compared to PT-gliadin-treated monolayers). Pretreatment with the competitive zonulin antagonist FZI/0 prevented the increased paracellular lactulose transport (0.029/0.02), further supporting the hypothesis that the PT-gliadin-induced changes in TEER and paracellular permeability are zonulin dependent.
Experiments on human intestinal tissues
Zonulin release and TEER changes in human intestinal tissues of CD patients in remission and non-CD patients exposed to PT-gliadin. In addition to the up-regulation of zonulin in acute CD, we have previously reported that gliadin activates the zonulin-signaling pathway even when added to normal rabbit intestinal epithelium [13] . Based on these results, we studied the effect of PT-gliadin on the zonulin signaling ex vivo by using human duodenal biopsies obtained during routine diagnostic endoscopies from both CD patients in remission and non-CD subjects. The tissues were mounted in the microsnapwell system [20] immediately after their collection and zonulin release and TEER were monitored both at baseline and following exposure to either PT-gliadin or negative control. At baseline, the zonulin concentration in tissue culture media collected from the luminal side of biopsies from CD patients (0.679/0.13 ng/mg protein) was greater than that from non-CD controls (0.029/0.01, p B/0.01). This baseline zonulin up-regulation was paralleled by a lower baseline TEER in tissues obtained from CD patients in remission (409/8.5 Vcm 2 ) as compared to tissues obtained from non-CD patients (1339/12.8, p B/0.001) (see below). Following PTgliadin exposure, two different responses were observed. Tissue from CD patients showed a sustained zonulin release into the mucosal (but not serosal) medium that was higher than the baseline levels, beginning as early as 5 min post-incubation ( Figure 5A ) and persisting for ]/1 h. Conversely, biopsies from non-CD patients exhibited transient increases in luminal but not serosal zonulin levels that peaked at 15 min and returned to baseline within 30 min ( Figure 5A ). The zonulin release in both groups was temporally associated with the observed changes in TEER ( Figure 5B ). While the Following exposure to PT-gliadin, tissues obtained from CD patients showed a luminal (squares) but not serosal (diamonds) zonulin release. Conversely, biopsies from non-CD patients showed a transitory zonulin release in the mucosal (triangles) but not serosal (circles) media that reached its peak at 15 min post-PT-gliadin incubation and returned to baseline within 30 min. *p B/0.005 compared to serosal zonulin n0/17 CD patients and n 0/5 non-CD controls. B. TEER changes. Tissues obtained from both CD patients in remission and non-CD controls showed a TEER decrement temporally associated with zonulin release. In CD tissues, a significant drop in TEER compared to baseline was observed starting 15 min post-PT-gliadin incubation (squares). No significant changes were detected in negative controls exposed tissues (diamonds). Conversely, in tissues from non-CD patients, a significant decrease in TEER was observed only after 60 min post-PT-gliadin incubation (triangles). Again, no changes were detected in tissues exposed to negative controls (circles). *p B/0.05; **p B/0.001 compared to respective negative controls; n0/17 CD patients and n 0/5 non-CD controls.
TEER decrease in tissues obtained from CD patients reached significance 15 min following PT-gliadin exposure, the TEER changes in tissues from non-CD subjects did not reach statistical significance until 60 min after PT-gliadin incubation ( Figure 5B ). The TEER of CD patient-derived tissues was always lower than the TEER of non-CD tissues, irrespective of gliadin exposure and time of incubation ( Figure  5B ). No significant changes were detected in either group when tissues were exposed to the negative control ( Figure 5B ).
Effect of the zonulin inhibitor FZI/0 on TEER changes.
To establish whether the PT-gliadin-induced zonulin release and TEER changes were causally related, intestinal biopsies obtained from CD patients in remission were pretreated with the zonulin inhibitor FZI/0 prior to PT-gliadin exposure.
Tissue preincubation for 15 min with FZI/0 did not affect zonulin release ( Figure 6B ) but did prevent the drop in PT-gliadin-induced TEER ( Figure 6A ). These results provide direct evidence that the gliadin-induced TEER changes are zonulin dependent.
Zonulin binding to human intestinal tissues following exposure to PT-gliadin. To establish whether PTgliadin-induced zonulin release was followed by zonulin binding to the intestinal epithelium (as observed in intestinal cell lines, see above), in situ immunofluorescence microscopy studies using zonulin-specific anti-Zot antibodies were performed. Tissues obtained from CD patients in remission and exposed to PT-gliadin showed a homogeneous staining on the mucosal surface ( Figure 7A ), while no zonulin binding was detected on tissues exposed to negative controls ( Figure 7B ). Tissues from non-CD patients exposed to PT-gliadin also showed mucosal surface staining; however, the zonulin binding appeared patchy ( Figure 7C ), suggesting less binding to its surface receptor.
Effect of both acute and chronic exposure to gliadin on ZO1 and occludin gene expression. Occludin and ZO-1 are considered key elements on the tj complex and their expression and localization dictate tj competency. To establish whether the TEER changes induced by PT-gliadin were associated with modification in tj occludin and ZO-1 expression, RNA levels of the two proteins were quantified by realtime PCR 21 following both acute (ex vivo) and chronic (in vivo) exposure to gliadin.
Acute exposure. Human intestinal tissues mounted in the microsnapwell assay (see above) were harvested at increasing time intervals, mRNA extracted and both ZO-1, and occludin quantitative expression measured by real-time PCR. Tissues obtained from CD patients in remission and exposed to PT-gliadin showed a progressive decrement in occludin but not ZO-1 gene expression up to 60 min post-incubation (Table I) . Tissue from non-CD patients and exposed to PT-gliadin also showed a decrement in occludin genes expression, but the reduction was less pronounced as compared with that seen in CD patients (Table I) . No significant changes in TNF-a gene expression were detected in both groups, further supporting our previous observation that the TEER Figure 6 . Effect of the zonulin inhibitor FZI/0 on PT-gliadin induced zonulin release and transepithelial electrical resistance (TEER) changes in duodenal tissues from celiac disease (CD) patients in remission. Duodenal tissues from CD patients in remission were mounted in the microsnapwell system and exposed to PT-gliadin, either alone or following 15 min preincubation with FZI/0. A. The TEER decrement induced by PT-gliadin (squares) was prevented by pretreatment with FZI/0 (10 mg/ml) (triangles). PD-casein-treated tissues (circle) are shown as negative controls. B. FZI/0 pretreatment (triangles) did not affect the zonulin release by PT-gliadin (squares) (B). *p B/0.02 compared with PT-gliadin; n0/17.
changes following gliadin-induced zonulin release are not mediated by cytokine production [20] .
Chronic exposure. Intestinal tissues obtained from CD patients (both during the acute phase of the disease and in remission following a gluten-free diet) as well as from non-CD patients were immediately processed following their collection for mRNA extraction in order to perform ZO-1 and occludin quantitative gene expression by real-time PCR. Patients during the acute phase of CD showed significant lower expression of both genes compared to non-CD controls (Figure 8) . Conversely, CD in remission showed ZO-1 and occludin gene expression levels similar to those observed in non-CD controls (Figure 8 ).
Discussion
During the past decade, progress has been made in elucidating the biochemical characteristics of the multiple gluten epitopes and in understanding the activation of the immune system by these immunomodulatory/cytotoxic peptides [25] . Alpha-gliadin, which we tested in this study, is a well-characterized gluten fraction containing several different peptides that are capable of activating the immune response that is seen in CD patients [2] . Despite these advances in understanding the pathogenesis of CD, little is known about how gliadin actually gains access to the subepithelial compartment in order to interact with the gut-associated lymphoid tissue (GALT) and stimulate autoimmunity. The enterocyte brush-border membrane has carrier systems (PepT1 and PepT2) that facilitate the transcellular transport of di-/tripeptides, while transport of larger peptides is mainly limited to the paracellular route owing to the physical-chemical characteristics of the cellular phospholipid membrane [26, 27] . Two, not necessarily mutually exclusive pathways have been proposed to explain the passage of gluten peptides in celiac disease: transcellular transport [28] and paracellular permeability [12, 13] . While neither pathway has been validated as the definitive locus of entry of immunologically active gliadin fragments into the intestinal submucosa, the following observations suggest that the paracellular pathway is of particular importance in the pathogenesis of CD. The association of increased small intestinal permeability with CD is well established, and clinical studies have shown that patients with active CD demonstrate elevated fractional sugar permeability due to increased intestinal paracellular passage of larger probes (disaccharides, such as cellobiose and lactulose) [29] . Abnormal paracellular permeability precedes the development of pathology in an animal model of gluten-sensitive enteropathy [30] . A high proportion of 1st degree relatives of CD patients have an increased urinary lactulose/mannitol ratio without Figure 7 . Zonulin surface binding on intestinal biopsies from celiac disease (CD) patients in remission and non-CD patients following PT-gliadin exposure. A. Intestinal biopsies from CD patients in remission exposed to PT-gliadin showed a homogeneous zonulin binding on the mucosal surface (arrows ) and an increase in staining in the submucosa. B. No surface staining was observed in tissues exposed to negative control. C. Tissues obtained from non-CD patients and exposed to PT-gliadin also showed zonulin surface staining (arrows ) but the binding pattern was patchy. Magnification: )/40.
developing the disease, suggesting that the increased intestinal permeability and the gliadin-induced intestinal damage are two distinct phenomena [31] . Acute gliadin-challenge studies in celiac patients in remission suggest that one of the immediate consequences of gluten exposure is increased paracellular permeability, occurring within 36 h [32] . Taken together, these observations suggest that increased permeability is an early event and not just a consequence of chronic intestinal inflammation and parenchymal injury, and that paracellular permeability may represent the key route through which gliadin initially gains access into the submucosa.
Zonulin, a pathway that modulates tj competency, is involved in innate immunity [20] and is upregulated in both CD [12] and type 1 diabetes [33, 34] . In the BB/wor rat animal model of type 1 diabetes, increases in zonulin-mediated permeability precede the onset of the autoimmune process by 3 Á/4 weeks and are prevented by pretreatment with zonulin inhibitor [34] . Therefore, it is conceivable that a similar temporal relationship between exposure to environmental agents, loss of intestinal barrier function, and onset of pathology occurs in CD.
Our results suggest that PT-gliadin peptides induce a series of early mucosal events including zonulin release and binding to receptor-positive cells ( Figure 1A and B), cytoskeleton rearrangement (Figure 2 ), ZO-1 displacement from the junctional complex ( Figure 3 ) and tj disassembly (Figures 4  and 5) .
We have previously reported that the interaction of enteric bacteria with intestinal mucosa induces zonulin release as a host-driven innate immunity response [20] . Given the complexity of the cell signaling events and intracellular structures involved in the zonulin system [35] , it is not surprising that this pathway may be up-regulated in response to proximal bowel contamination. Intestinal barrier dysfunction, triggered by bacterial infection, has previously been hypothesized as a key factor in several pathological conditions involving the GI tract [36 Á/38] . Increased tj permeability seems to be a common denominator in these diseases and may be responsible for the repeated passage of luminal antigens to the mucosal immune system. The response to this submucosal exposure is dictated by host genetic predisposition either to recognize or misinterpret environmental antigens when these are presented to the GI tract [39] . The results of this Figure 8 . ZO-1 and occludin genes expression following chronic exposure to gliadin. Intestinal tissues obtained from celiac disease (CD) patients (during the acute phase of the disease and also after remission following a gluten-free diet) and from non-CD patients were treated for mRNA extraction immediately following their collection. Quantitative real-time polymerase chain reaction (PCR) using specific primers for ZO-1 (closed bars) and occludin (open bars) genes was performed and the results normalized by the number of GAPDH gene copies. Expression of both ZO-1 and occludin genes was suppressed in CD patients during the active phase of the disease compared to non-CD controls. Expression of ZO-1 and occludin genes reverted to normal values during the disease remission following a gluten-free diet. *p B/0.01 compared to both controls and treated celiacs; n0/9 for each group. study suggest that a direct effect of gliadin on the activation of the zonulin system can be proposed as a driver for antigen access to the GALT via the paracellular route. Recent reports suggest that CD is one of the most common chronic genetic disorders of humankind [40, 41] . This observation raises an interesting question. Why is a disease with significant morbidity and increased mortality not segregated by genetic evolution, and why does it remains so frequently expressed? One possible explanation is that gluten, a protein introduced in large quantities in the human diet only after the advent of agriculture, activates mechanisms of innate immunity (e.g. zonulin signaling) that are designed to protect against proximal bowel contamination and are too important for human survival to be eliminated. This hypothesis is further supported by recent reports on the role of early dietary introduction of gluten and the increased risk of developing type 1 diabetes [42, 43] .
This also implies that gliadin should activate the zonulin system irrespective of the genetic predisposition to autoimmunity. Our results obtained on intestinal tissues from both CD and non-CD patients ( Figure 5 ) support this theory. Nevertheless, zonulin is markedly up-regulated in subjects affected by CD, even when treated with a gluten-free diet ( Figure 5A ). This up-regulation is associated with increased baseline gut permeability ( Figure 5B) , and an increased amplitude and duration of gluteninduced zonulin release when compared with non-CD intestinal samples. Despite the presence of a measurable zonulin response in both CD and non-CD subjects, CD patients appear to reach a critical threshold of intestinal permeability upon gliadin exposure that is not reached in non-CD intestinal mucosa ( Figure 5 ). Pretreatment with the zonulin inhibitor FZI/0 prevents the gliadin-induced TEER decrement, confirming that zonulin is the mediator of these gluten-induced changes and possibly paving the way for treatment alternatives to a gluten-free diet.
